Abstract-Pico-hydro power generation has a considerable untapped potential, able to contribute to the increased energy demand whilst ensuring a low environmental impact. The integration of these systems into microgrids is an emerging solution for the electrification of remote regions and also for selfsustainable power systems. The integration of cheap and wide spread technologies to interface small capacity hydro power systems with the grid has become essential in order to enable the exploitation of small rivers and shallows reservoirs resources among many other applications such as in water supply systems. This paper presents a design procedure to integrate pico-hydro generators into the grid using conventional and widespread photovoltaic inverters.
INTRODUCTION
Distributed generation (DG) is a new paradigm to produce in-site, highly reliable and secure electrical power, able to cope with the ever increasing global energy needs and climate change [1] [2] [3] . The integration of DG based on renewable resources into microgrids is an emerging solution for electrification of remote regions and for self-sustainable systems. Pico-hydro power systems are well established and likely the most cost effective way to provide electricity and are even more dispatchable than solar and wind systems. Thus, pico-hydro power systems play an important role in the crucial energy mix, provided that they are based on cheap, reliable and mature technologies to enable the widespread exploitation of small rivers and shallows reservoirs.
Pico-hydro power plants are very small-scale infrastructures designed to generate electric power under 5 kW [4] by converting the power available in flowing waters in rivers, canals and streams and they are quite different from classical hydroelectric power plants. Small-scale hydropower stations are usually run-of-river schemes with no or very small dams and reservoirs, therefore associated with low impacts on the hydrological regimes, on the aquatic or riparian ecosystems and on landscapes [1, 5, 6] . They are a well-known renewable energy source considered as an environmental friendly energy conversion option, since they do not interfere significantly with river flows and fit in well with the surroundings [5, 7, 8] .
Pico-hydro power generation is considered as the most appropriate solution for electrification of rural, isolated communities and hilly and mountainous regions where it is very expensive to implement conventional transmission and distribution power systems [9, 10] . In fact, they have been particularly useful in some countries such as India, Nepal, China, Iran, Peru, Brazil and Kenya [7, 11] .
In Europe, according to European Commission [12] , "a large proportion of the potential involves refurbishing existing sites and low-head/very low-head plants. In fact, in Europe small hydropower has a huge untapped potential which could allow it to make a more significant contribution to future energy needs. Therefore, one priority is to develop cheaper technologies for small-capacity and low-head applications, to enable the exploitation of smaller rivers and shallows reservoirs." Usually, pico-hydro power plants are stand-alone systems, providing electricity for basic needs of a house or a small village, with a turbine driving a generator and a load controller to regulate the voltage and frequency [10] . In those systems, since the energy is directly used by final consumers, it is essential to provide an effective regulation of the output voltage and frequency to prevent harming their appliances [1] . In some cases this is made by speed regulation using complex and highinertia mechanical devices which adjusts the flow to the turbine to meet variations in power demand. In alternative, the turbine always runs at rated power and the speed is controlled by adjusting the electrical power output instead of the water power input. In these cases, a ballast load is switched on and off by an electronic load controller in order to balance the power input and the output [1, 4] . Some off-grid systems are based on a generator and a battery, with or without an off-grid inverter, depending on whether the loads are AC or DC [13, 14] . When connected to a grid, conventional pico-hydro systems are designed to operate at constant speed at different heads in order to approximate the shaft speed as close as possible to the rated speed of the generator [13] , to ensure the requirements above mentioned. Therefore, in order to improve the efficiency of those systems, hidro power system generators should work at variable speed [15] .
Considering variability of heads and the seasonal water flow variation, and recent advances in low speed generators with offthe-shelf low power solutions for wind systems, pico-hydro systems can be applied beyond those conventional application domains. If additionally to low speed generators, an inverter based grid interface is used, other turbine technologies become viable [16] . However, such dedicated inverters for grid connection as proposed recently [2, 15, 17, 18] would turn into an expensive solution and are far way to be an off-the-shelf technology available on the market. Quite on the contrary, photovoltaic (PV) inverters in the range of 5 kW are a mature and reliable technology widely available. Taking advantage of this, and considering the limitations of conventional solutions, the application of standard PV inverters in grid connected picohydro turbines is investigated in this paper. Some compatibility tests were already achieved in New Zealand. They were prepared by the Smithies Technology Ltd. using the so called EcoInnovation Smart Drives permanent magnet generators together with PowerSpout pico-hydro turbines. These turbines are designed to behave electrically like PV strings, so that they interact effectively with conventional PV equipment, including grid connected inverters and charge controllers [19] . However, a complete description and investigation of a general approach is not available yet. For this purpose, a design procedure is presented for hydro generation systems based on pico-hydro turbines and wide-spread PV inverters.
II. DESCRIPTION OF THE PRACTICAL APPROACH
The proposed practical approach for grid-connected picohydro systems is illustrated in Fig. 1 . It is similar to a typical low power wind system but instead of a wind inverter with a specific parametrized power curve, it uses a conventional PV inverter. This solution has some important advantages such as broad range of products (up to 5 kW) and technological independence. Furthermore, these wide-spread PV inverters are very cost competitive and its installation is widely disseminated among small and medium enterprises.
By using a PV inverter for a grid-connected pico-hydro turbine, as presented in Fig. 1 , the input voltage of the PV inverter is the rectified output voltage of the generator instead of a DC voltage provided by a PV string. The solution is very simple but in order to be reliable and safe, the integration of the inverter with the generator must be properly assured. Thus, it is necessary to understand very well the operating areas of both devices and combine them properly. In fact, the behavior of the generator is very different from the one of a PV string. However, under certain operating conditions in terms of voltage and power ranges, and considering the generator' dynamics, the solution can be reliable and efficient, benefiting from the advantages already mentioned.
A. Operating areas of PV inverter generator
The operating area (and its limits) of a PV inverter when connected to a PV string is shown in Fig. 2(a) . The operating area of the generator and its characteristics at different speeds are presented in Fig. 2(b) . Fig. 2 (a) also shows some typical I-V characteristics of a PV module/string for different solar irradiance levels. These I-V curves are described by three points in datasheets: open circuit, short circuit and maximum power point at the so-called Standard Test Conditions (STC). The corresponding parameters are: short-circuit current (I SC ), open circuit voltage (V OC ), and voltage and current at the maximum power point (MPP), V MPP and I MPP , respectively. In turn, the limits of the operating area of a PV inverter are given by manufacturers through a set of parameters: the maximum input current (I DCmax ), the maximum input power (P DCmax ), the maximum input voltage (V DCmax ), the voltage range limits within which the inverter is able to track the MPP (V MPPmin and V MPPmax ) and minimum voltage required before the inverter begins delivering power into the grid (V PV-Start ) as shown in Fig. 2 (a).
Both the above described parameter sets (for string and inverter) are used to size a PV system assuring the compatibility and suitable performance between the string of PV modules and the inverter as illustrated in Fig. 2(a) . If a generator is to be connected to a conventional PV inverter, the operating point of the generator, i.e., the output DC voltage and current (after rectification), must be inside the safe operating area (SOA) of the inverter. This means that the I-V characteristics of a generator illustrated in Fig. 2(b) should be overlapped with the SOA shown in Fig. 2(a) , as proposed in Fig. 3 .
The I-V characteristics of a permanent magnet synchronous generator (PMSG) are presented in Fig. 2(b) and consists of a straight line for each specific speed. The abscissae correspond to the output DC voltage of the generator, when it runs at no load. The slope of the characteristics corresponds to the voltage drop in the internal impedance of the generator. This means that, for the same load/current, the voltage (and also the power) of a PMSG varies linearly with the speed. On the other hand, for a constant speed, the voltage decreases linearly with the load/current but the power increases because it is expected that, below rated conditions, the current increases much more than the voltage drop. Therefore, for a constant speed, when the PV inverter looks for the MPP at its input, by using a maximum power point tracking (MPPT) algorithm, it will maximize the current of the generator. Fig. 3 shows the locus of the operating point of the generator imposed by the MPPT algorithm for different initial speeds. For instance, if the initial speed is "Speed 5", the MPPT algorithm will start from point 1 and increases the current up to its maximum admissible, point 2 (black dots). The value of I max should be set near the rectified rated current of the generator and it may be limited by setting I DCmax =I Rated or through the internal impedance of the generator, from which the voltage variation superimposes to the current variation in finding the MPP. Thus, from this point, if the speed increases up to "Speed 9", the operating point will be set at point 3, but if the generator slows down to "Speed 1", the operating point will be set in point 4. For the initial "Speed 3", the locus of the operating point is indicated by green-coloured dots. It will end in point 3 or 4 if the speed increases up to "Speed 9" or decreases till "Speed 1", respectively. However, if the initial speed is not high enough, as in case of "Speed 1", the inverter does not start delivering power into the grid because the generator DC voltage is lower than V PV-Start . When the initial speed is high, as in case of "Speed 7", the locus is indicated by blue-coloured dots. Then, the same happens as described for initial speeds 5 and 3. In this case, an external circuit limits the voltage to V max as will be explained in the next section.
B. Design procedure
The integration proposed in Fig. 1 for grid-connected picohydro systems is very simple but to be reliable and safe, this integration of a PV inverter with the generator must be properly assured. This requires a suitable design procedure as described hereinafter.
First, according to the European Efficiency Standard method, conventional PV inverters are designed to achieve their maximum efficiency at 50% of the rated power. On the other hand, hydro systems have higher equivalent operating hours than PV applications. Considering this two facts, the rated power of the generator should be of the order of magnitude of 50% of the inverter maximum input power (P DCmax ). As example, for a PV inverter with the efficiency presented in Fig. 4 , the rated generator power should be as follows:
Second, for the speed range of a specific application, the rated output DC voltage of the generator (after rectification) must be within the input MPP range of the PV inverter.
Third, to ensure the compatibility between the inverter and the generator, the rated DC current of the generator must be equal or less than the maximum input current of the inverter (I DCmax ). Therefore, the DC output voltage of the generator, for the maximum input power of the inverter, should be:
If the rated DC voltage of the generator is higher than the value given by (2) the current will be lower and the PV inverter will be able to process the available power. Otherwise, it will limit the current at the input and therefore the power. Fourth, in order to limit the voltage to V DCmax , it is required an over-voltage protection circuit to prevent damaging the generator and the inverter. For instance, if the electric grid fails, the inverter must disconnect from the grid and the generator speed will increase. Since the voltage is proportional to the speed, an over-voltage protection is needed, as illustrated in Fig. 1 , to divert power to an auxiliary power resistor in order to keep the input voltage of the inverter below V DCmax .
Fifth, the no load output DC voltage of the generator for the initial speed must be higher than the value V PV-Start of the inverter.
Finally, the dynamics of the generator, in terms of acceleration and deceleration time constants, should be quite inferior to the ones of wind systems, e.g.. This is particularly important when the speed decreases since if it falls too quickly, the MPPT algorithm cannot follow the MPP and the voltage drops rapidly below V MPPmin causing the inverter to stop. In fact, the MPPT algorithms of conventional PV inverters can have an execution period of the order 1 or 2 s. This is a relatively long time constant for the power variation of a generator but fortunately, in hydro power systems, the dynamics is quite slow. 
III. EXPERIMENTAL RESULTS
To validate the proposed design procedure, an experimental platform emulating a typical power topology used in PV string inverters was used. Additionally, experimental tests with a standard PV inverter were also carried out, as described below.
Two 3-phase permanent magnet synchronous generators were used:
Generator 1 -Smart drive 60-2s-7p star; Generator 2 -Smart drive 100-14s-1p star.
The technical data available from the supplier is presented in Table I . A 3 kW induction motor, controlled in speed by a frequency converter, was used as prime mover. 
A. Tests with the experimental set-up
The experimental platform which emulates a typical power topology used in PV string inverters, is based on a DC/DC boost converter and a single-phase voltage source inverter (VSI) as shown in Fig. 5 .
The experimental set-up is based on the MATLAB with Simulink and the dSPACE ACE kit based on the 1103 controller board. The boost converter and the VSI are implemented with the intelligent power module (IPM) PM75RLA120 from Powerex by suitable control of the seven IGBTs of this IPM. The boost converter is current controlled by means of a PI controller, providing maximum power point tracking by using the so-called Perturb & Observe algorithm. The VSI controls the DC-Link voltage as well as the active and reactive power injected into the grid. The control scheme of the VSI is based on Voltage Oriented Control as described in [20, 21] .
This emulation platform was particularly useful to evaluate the performance of the overall system in dynamic conditions. For this purpose several tests were performed. Figures 6 to 8 present the I-V plots corresponding to the output DC current as a function of the output DC voltage of the generators as proposed in Fig. 3 . Fig. 6 presents the I-V plots with the generators starting from different speeds up to 1600 rpm. These tests were achieved with the following parameters: current step (ΔI) = 0,2 A, V DCmin = 120 V, I DCmax = 8,6 A for generator 1 and I DCmax = 4,8 A for generator 2, MPPT period (T mppt ) = 0,2 s and acceleration time (t ace ) = 100 s. These parameters, including the limit of I DCmax , are imposed by software using the ControlDesk package from dSPACE. The plots show the locus of the operating point of the generators, starting from different initial speeds, provided that the no load DC voltage is higher than V PVStart for the starting speed. Fig. 7 shows the plots with different tracking periods of the MPPT algorithm, with the same test conditions. Generator 1 runs from 900 rpm and generator 2 runs from 600 rpm. Fig. 8 presents the plots for different acceleration times. It should be noticed these acceleration times refer to the time required to accelerate from 0 to 1600 rpm and not from the initial speed. Fig. 9 shows additional tests in order to evaluate the effect of the generator (hydro system) dynamics. The tests with the generator 1 (left) consist of three runs from 1600 rpm to 900 rpm with different deceleration times. The tests with the generator 2 (right) consist of two runs 500-1600-500 rpm, with different acceleration / deceleration times.
Regarding steady state operation of the system with generator 1, obtained results at various speeds, are presented in Table II . The reported values are speed, N, output DC voltage, V DC , current, I DC , and power, P DC , of the generator, and the power injected into the grid, P AC . 
B. Tests with a standard PV inverter
The experimental set-up was very important to analyse and validate the proposed design procedure as described in the previous section but also tests with standard PV inverters were implemented. The results obtained with generator 1 and generator 2 are presented in Table III and Table IV, The PV inverter used in this tests was the SB2100TL from SMA, with the following characteristics: P DCmax = 2200 W, I DCmax = 11 A, V DCmax = 600 V, V MPPmin = 125 V, V MPPmax = 480 V, and the parameter V PV-Start set to 150 V (by default). 
IV. DISCUSSION
From the results obtained and the analysis of the dynamic response presented in Fig. 6, 7 and 8 , it can be seen that operating points of the generators are within the working area of the PV inverter, such as illustrated in Fig. 3 . This is true provided that the MPPT is relatively fast, i.e., with a small tracking period (less than 1 s) and the acceleration is moderate (with acceleration times of the order of tens of seconds). Obviously, the system dynamics will depend on the physical conditions of the practical applications. Nevertheless, as previously mentioned, hydro systems are typically characterized by a considerable inertia from which it is not expected high acceleration and deceleration time constants. However, they are faster than PV systems. Therefore, there may be two drawbacks. First, when the acceleration time is high, the over-voltage protection circuit must dissipate the excess power to an external resistance like in the wind systems. Second, when the deceleration is fast, the output DC voltage can decrease below V MPPmin and the PV inverter can stop its operation temporarily.
However, these are not critical problems for pico-hydro systems in terms of robustness and reliability of the solution proposed in this paper.
Usually, it is possible to change parameters of conventional PV inverters such as maximum output power, V PV-Start , and time delay before disconnecting from the electrical grid if the DC voltage drops below V PV-Start . Although these features can improve the robustness of the procedure presented above, the integration proposed in this paper outlines a simple task of plugand-play. However, in this case, it would be particularly important to be able to accelerate the MPPT algorithm by reducing its tracking period. Another additional concern with the experimental results is the hydro turbine emulation. The procedure has been tested using a speed control of the prime mover which does not allow an accurate model of the behavior of the pico-hydro power system in its full range. The speed reference imposes the output power and the open circuit voltage of the generator. In practice, when a hydro turbine delivers power to the generator, either the DC output voltage or current may vary. For the same power step, if the voltage increases, the current will decrease and viceversa. The upper and lower limits of the voltage are set by the overvoltage protection circuit and by the inverter, respectively. The current limit is defined by the inverter, setting I DCmax , or through the MPPT algorithm as depicted by the experimental results shown in table IV.
Following this limitation, further work should address a more accurate turbine emulation, based on power control, and also a deep analysis of the MPPT performance. Additional tests with different sets of generators and commercial inverters should also be performed to investigate the robustness of the integration according to the design proposed procedure.
V. CONCLUSION
In this paper a practical approach for grid-connected picohydro systems using conventional photovoltaic (PV) inverters was proposed. The solution is based on a suitable integration of the generator and the PV inverter. For this purpose, a design procedure was presented to integrate pico-hydro generators into the grid using conventional PV inverters. Various experimental tests were carried out in the laboratory, using an emulation platform and a commercial PV inverter. The results obtained allow the validation of the proposed design procedure as well as the definition of the operating conditions, particularly in applications with a wide speed range.
